Relapsing fever borreliae require lipid compounds for growth in vitro. In this study, the major pathways of lipid catabolism in three species of tick-borne relapsing fever borreliae were investigated. Thin-layer chromatography was used to compare chloroform-methanol extracts of fresh culture media with extracts of exhausted culture media after organisms were removed by centrifugation. The chromatographic data demonstrated that lysolecithin was removed from the culture media during growth of the spirochetes, whereas lecithin, sphingomyelin, triglycerides, and cholesterol esters were not affected by growth of the organisms. Sonic extracts of the organism were tested for the presence of specific enzymes of lipid catabolism. Lysolecithinase, glycerophosphorylcholine diesterase, and acid phosphatase activities were demonstrated. Thus, these organisms can sequentially dissimilate lysolecithin to fatty acids, choline, inorganic phosphate, and glycerol. Assays for phospholipases A, C, and D, a-glycerophosphate dehydrogenase, alkaline phosphatase, and lipase were negative.
Lipids are essential nutrients for all cultivable, pathogenic spirochetes (17, 18) . Recently, a culture medium was described which permitted, for the first time, sustained in vitro growth of relapsing fever borreliae (21) . When the medium was rendered lipid free, the borreliae did not grow. This suggested that lipids were essential nutrients for borreliae also. This study is a report of lipid utilization and catabolism in three species of tick-borne relapsing fever borreliae.
MATERIALS AND METHODS
Organisms. Borrelia hermsi, isolated from a patient who contracted relapsing fever at Lake Tahoe, Calif., was Kelly (21) . Cultures were maintained at 35 C with weekly transfers into fresh media. After 2 years of serial passages, borreliae grown in the medium retained infectivity for mice.
Thin-layer chromatography. Uninoculated media and media from a 10-day culture with borreliae removed by centrifugation were adjusted to neutral pH for extraction of total lipids by the method of Kasarov and Addamiano (19) , modified by use of dry nitrogen gas to evaporate solvent from extracted lipids. Commercially prepared plates of silica gel G were activated at 110 C for 1 h before use. For chromatography of neutral lipids, the solvent mixture used was n-hexane-diethyl ether-glacial acetic acid (73:25: 2, vol/vol/vol) (28) , and the solvent mixture for separating phospholipids was chloroformmethanol-water (65:50: 10, vol/vol/vol). Separated lipid compounds were located by exposing silica gel plates to iodine vapors or by spraying them with rhodamine B (35) .
Enzyme preparation. Enzyme assays were performed with either twice-washed whole cells suspended in 0.15 N saline or with sonic extracts of cell suspensions. Cells were washed by using a Sorvall RC2-B centrifuge to rapidly sediment suspended borreliae (20,000 x g for 5 min). Each milliliter of washed cell suspension contained borreliae from 16 ml of fully grown culture (8 x 10 cells).
Sonic extracts of borrelial suspensions were prepared at 0 C by using a Bronwill Biosonik sonic oscillator (model B10-11) with probe intensity set at 80% for 1 min. (27) for determining ester content. Venom of the cottonmouth moccasin, Ancistrodon piscivorus leukostoma, was used as a positive control in the assay.
Lysolecithin acyl-hydrolase (EC 3.1.1.5, phospholipase B) activity was detected by using the modified hydroxamic acid method as described by Shapiro (34) . Phosphate buffer (0.04 M) was used in the assay except at pH 5.0, where phthalate buffer (0.04 M) was used.
Phosphatidylcholine cholinephosphohydrolase (EC 3.1.4.3, phospholipase C) activity was measured by using the phosphorus release assay of Ottolenghi (30) . The Lowry reagent (25) was used to measure inorganic phosphate. Phospholipase C from Clostridium welchii was used as a positive control.
Phosphatidylcholine phosphatidohydrolase (EC 3.1.4.4, phospholipase D) activity was measured by a modification of the procedure used by Davidson and Long (6) . Ovolecithin (16 gmol) was dispersed in 1.25 ml of 0.1 M sodium acetate butfer (pH 5.6) . To this was added 0.25 ml of diethyl ether and finally 1.0 ml of enzyme in 0.857 saline. Incubation was at 25 C for 2 h. Cold 6'7( perchloric acid (3 ml) was used to terminate each enzyme reaction. Phosphatidic acid and ovolecithin were extracted from inactivated reaction mixtures with 1 ml of diethyl ether which was removed after centrifugation (1,000 x g, 10 min). Inactivated reaction mixtures were then filtered through Whatman no. 1 filter paper, and 1-ml volumes of' reaction mixture were placed in vacuo for 1 h to remove traces of' ether. Choline content of each 1-ml portion was then determined by the method of Hayaishi and Kornberg (13) . Phospholipase D was prepared from fresh cabbage (6) for use as a positive control.
L-3-Glycerophosphorylcholine glycerophosphohydrolase (EC 3.1.4.2, glycerophosphorylcholine diesterase) activity was measured by the method of Hayaishi and Kornberg (13) (15) . Sodium acetate (pH 5.0) and glycine (pH 9.0) buffers were used in place of ethanolamine buffer; Whatman no. 1 filter paper was used for filtration after enzyme inactivation. Inorganic phosphate was determined by using the Lowry reagent (25) . Alkaline and acid phosphatases were prepared from sonic extracts of S. cerevisiae for use as positive controls in the assays (37) . Additional assays of alkaline and acid phosphatase activities were performed by using p-nitrophenylphosphate (11) and o-carboxyphenylphosphate (5, 16) , respectively, as substrates.
Glycerol ester hydrolase (EC 3.1.1.3, "lipase") activity was determined by the method of Patel et al. (31) .
RESULTS
Lipids present in culture media. Lipids were extracted from uninoculated growth media and an equivalent amount of media from a 10-day culture from which B. hermsi had been removed by centrifugation. Thin-layer chromatography of phospholipids present in extracts of uninoculated growth media demonstrated the presence of lecithin, sphingomyelin, and lysolecithin. Similar chromatograms of phospholipid extracts from exhausted media showed a total absence of lysolecithin. The levels of sphingomyelin and lecithin, however, did not differ when compared to extracts from uninoculated media (Fig. 1) .
When neutral and acidic lipids in extracts of fresh growth media were studied by thin-layer chromatography, cholesterol, cholesterol esters, fatty acids, and triglycerides were identified on the chromatograms. In comparison, similar chromatograms of lipids extracted from exhausted growth media (10-day cultures) indicated decreased amounts of cholesterol and fatty acids. Cholesterol ester and triglyceride concentrations did not differ when compared with control chromatograms.
Identical chromatographic findings were observed in lipid extracts of media in which B. parkeri and B. turicatae had been propagated.
Lysolecithin acyl-hydrolase. The absence of lysolecithin in exhausted culture media suggested that the compound was metabolized by borreliae during growth. Accordingly, the organisms were studied to determine whether enzymes for the dissimilation of lysolecithin were present.
Sonic extracts of B. hermsi were found to contain lysolecithin acyl-hydrolase (EC 3.1.1.5, phospholipase B), which hydrolyzes lysolecithin to a fatty acid and glycerophosphoryl choline. Crude enzyme preparations had maximal activity between 37 and 40 C (Fig. 2) and a pH optimum of 6.5 at 37 C in 30-min assays (Fig.  3) . Enzyme activity was stimulated slightly by ethylenediaminetetraacetate (EDTA) (10-5 M) and moderately by Triton X-100 (1.6 x 10-3 M). EDTA and Triton X-100 together at the above concentrations; however, the individual effects of the two compounds were not totally additive ( Table 1) .
The effects of other compounds on the activity of crude lysolecithin acyl-hydrolase are shown in Table 1 . Calcium, magnesium, or zinc ions and p-chloromercuribenzoic acid (PCMB) had no effect or inhibited enzyme activity. Mercuric chloride interfered with color development in the assay, so its effect could not be determined. L-3-Glycerophosphorylcholine glycerophosphohydrolase. Additional enzyme studies were performed to deternine the fate of glycerophosphoryl choline (GPC), one of the products of lysolecithin acyl-hydrolase activity. Sonic extracts of B. hermsi were found to hydrolyze GPC, with the production of choline and a-glycerophosphate. The enzyme L-3-glycerophosphorylcholine glycerophosphohydrolase (EC 3.4.1.2, glycerophosphorylcholine diesterase) had maximal activity at 50 C in 30-min assays (Fig. 4) . The pH optimum at 50 C with glycine buffers was 8.4 (Fig. 5) ; however, when assays were performed at 25 C, the pH optimum was 9.0. Table 2 shows the effects of various compounds on glycerophosphorylcholine diesterase activity. The individual stimulatory effects of calcium chloride (10- when the compounds were placed in the enzyme reaction together; however, the compounds together produced greater stimulation of enzyme activity than either compound alone. Magnesium chloride and zinc chloride were either inhibitory or had no effect at the concentrations tested. Mercuric chloride and PCMB had no effect on enzyme activity at the concentrations tested. EDTA had little effect on enzyme activity at 2 x 10-' M, but produced complete inhibition at 5 x 10-5 M (Fig. 6) . EDTA inhibition of enzyme activity at 10-' M was completely reversed by calcium chloride at 2 x 10-4 M.
L-3-Glycerophosphorylcholine glycerophosphohydrolase activity was also present in sonic extracts of B. parkeri and B. turicatae.
Orthophosphoric monoester phosphohydrolase. The further metabolism of choline, one of the products of glycerophosphorylcholine diesterase action on glycerophosphoryl choline, was not investigated. a-Glycerophosphate, the other product of the diesterase activity, was studied to determine whether the compound was hydrolyzed by the organisms. drolase (EC 3.1.3.2, acid phosphatase) which hydrolyzes a-glycerophosphate to glycerol and inorganic phosphate. Enzyme activity was demonstrated with either L-a-glycerophosphate or o-carboxyphenylphosphate as substrates. A pH optimum of 5.0 was obtained in 37 C assays. Since the enzyme appeared to be rather nonspecific, as are acid phosphatases from other sources (22, 39) , it was not characterized further.
The rates of hydrolysis in this and the other positive enzyme assays were linear for at least 0.5 hour.
Negative enzyme assays. Specific enzyme assays were performed to determine whether other enzymes important in lipid catabolism were present in relapsing fever borreliae. A particular effort was made to determine whether L-a-glycerophosphate dehydrogenase activity was present. This enzyme permits aglycerophosphate produced from lipid catabolism to enter the glycolytic pathway, or dihydroxyacetone phosphate produced during glycolysis to be converted into a-glycerophosphate for lipid synthesis.
In attempts to demonstrate L-glycerol-3-phosphate: NAD oxidoreductase activity (EC 1.1.1.8, L-a-glycerophosphate dehydrogenase), two different assay procedures were employed. Enzyme activity was not detected with either procedure using sonic extracts or washed intact cells, although positive assays were obtained with both procedures with enzyme preparations from S. cerevisiae, which were used as positive controls.
Orthophosphoric monoester phosphohydrolase (EC 3.1.3.1, alkaline phosphatase) was not demonstrable in sonic extracts of B. hermsi by either of two different assay procedures.
Negative enzyme assays with B. hermsi sonic extracts or intact cells as a source of enzyme were also obtained for phosphatide acyl-hydrolase (EC 3.1.1.4, phospholipase A), phosphatidylcholine cholinephosphohydrolase (EC 3.1.4.3, phospholipase C), phosphatidylcholine phosphatidohydrolase (EC 3.1.4.4, phospholipase D), and glycerol ester hydrolase (EC 3.1.1.3, lipase). Data from thin-layer chromatographic studies were consistent with results from specific enzyme assays. Figure 7 summarizes the findings from this investigation of lipid catabolism in borreliae.
DISCUSSION
Lipids have been shown to be essential nutrients for pathogenic spirochetes as well as for closely related, nonpathogenic species (17, 18) . Their function in the metabolism of these organisms, however, varies widely in the different genera.
Members of the genus Leptospira derive most of their energy from ,B-oxidation of long-chain fatty acids (3, 14) . In contrast, neither the cultivable treponemes nor borreliae use fatty acids as a major source of energy. Energy metabolism in borreliae is achieved primarily through glycolysis, whereas the cultivable treponemes ferment amino acids or carbohydrates (1, 10) .
The requirement by leptospires for free fatty acids is satisfied by enzymes present in the organisms which hydrolyze triglycerides and phospholipids (19, 20) . Members in the genus Treponema may be able to cleave fatty acids from monoglycerides (33) , but evidence of phospholipid catabolism is lacking. Borreliae hydrolyze fatty acids from lysolecithin but cannot metabolize other major phospholipids or triglycerides.
Cultivable treponemes and members of the genus Leptospira require long-chain fatty acids for growth (17, 18) . Nutritional studies demonstrate that fatty acids can serve as the sole lipid nutrient for B. hermsi in culture media lacking lysolecithin or rabbit serum (unpublished data). Thus, members of all three genera have in common a requirement for exogenous longchain fatty acids, apparently for use as cell structural elements.
Borreliae have a restricted ability to catabolize lipids, as indicated by their inability to obtain fatty acids from most of the complex lipids present in rabbit serum. This limitation may be related to the nutritional conditions present in ticks where relapsing fever organisms must adapt for extended coexistence (8) .
Cholesterol has been shown to be a constituent of relapsing fever borreliae (9) , and in the present investigation it was selectively removed from the culture media during growth of the organisms. It serves an important nutritional role in the Nogouchi strain of Treponema < X-<-- In respect to pH optimum and the effect of inhibitors, GPC diesterase from B. hermsi is similar to the same enzyme prepared from other sources (2, 7) .
